Many patients who undergo general anesthesia and surgery experience cognitive dysfunction, particularly memory deficits that can persist for days to months. The mechanisms underlying this postoperative cognitive dysfunction in the adult brain remain poorly understood. Depression of brain function during anesthesia is attributed primarily to increased activity of g-aminobutyric acid type A receptors (GABA A Rs), and it is assumed that once the anesthetic drug is eliminated, the activity of GABA A Rs rapidly returns to baseline and these receptors no longer impair memory. Here, using a murine model, we found that a single in vivo treatment with the injectable anesthetic etomidate increased a tonic inhibitory current generated by a5 subunit-containing GABA A Rs (a5GABA A Rs) and cell-surface expression of a5GABA A Rs for at least 1 week. The sustained increase in a5GABA A R activity impaired memory performance and synaptic plasticity in the hippocampus. Inhibition of a5GABA A Rs completely reversed the memory deficits after anesthesia. Similarly, the inhaled anesthetic isoflurane triggered a persistent increase in tonic current and cell-surface expression of a5GABA A Rs. Thus, a5GABA A R function does not return to baseline after the anesthetic is eliminated, suggesting a mechanism to account for persistent memory deficits after general anesthesia.
Introduction
Each year, more than 234 million surgical procedures are performed worldwide (1) . A proportion of patients exhibit cognitive impairment, including memory deficits, after surgery and anesthesia (2) . Such postoperative cognitive deficits are present in approximately 37% of young adults and 41% of elderly patients at hospital discharge and in 6% of young adults and 13% of elderly patients at 3 months after surgery (2) . These deficits are associated with poor patient outcomes, including reduced quality of life, loss of independence, and increased mortality (2, 3) .
The cause of postoperative cognitive dysfunction is multifactorial. For example, inflammation triggered by surgical trauma appears to contribute to cognitive deficits in both human patients and laboratory animals (4, 5) . Additional factors that increase the risk of cognitive deficits include infection, opioids, stress, and sleep disturbances (6) . General anesthetics may also play a causal role, given that the duration of anesthesia is positively correlated with the incidence of postoperative cognitive deficits in patients (6) . In addition, a single exposure to an anesthetic can cause retrograde and anterograde memory deficits that persist for days to weeks in rodent models (7, 8) . The mechanisms by which anesthetics cause persistent memory deficits in adults remain poorly understood.
Most general anesthetics act as positive allosteric modulators of inhibitory γ-aminobutyric acid type A receptors (GABA A Rs) (9) . During anesthesia, increased activity of GABA A Rs contributes to the desired and profound neurodepressive properties of these drugs, including acute memory blockade (10) . Once the anesthetic is eliminated, positive allosteric modulation of GABA A R function is rapidly reversed, on a time scale of seconds (11) . Consequently, it has been assumed that receptor activity returns to baseline and GABA A Rs do not contribute to undesirable prolonged cognitive dysfunction after anesthesia. Here, we test the hypothesis that even a brief exposure to an anesthetic triggers a sustained increase in GABA A R function and that this increase causes persistent memory deficits.
Results and Discussion
First, we investigated whether a single exposure to the injectable anesthetic etomidate causes postanesthetic memory deficits in mice using the novel object recognition assay. We selected etomidate because it preferentially binds to GABA A Rs and is rapidly metabolized to inactive metabolites (12, 13) . Mice were treated with a low, sedative dose of etomidate (8 mg/kg, i.p.) that approximates the ED 50 for loss of the righting reflex (LORR) (9, 10, 14) . Memory was impaired at 24 and 72 hours but not 1 week after etomidate ( Figure 1A ). In contrast, no memory deficits were observed in mice treated with the active comparator dexmedetomidine (200 μg/kg, i.p.), a sedative α2-adrenergic receptor agonist that does not target GABA A Rs (15) . Memory performance was not confounded by sedation or by reduced exploratory behavior, as the total interaction time of mice with the objects was similar in all groups ( Figure 1B) .
Next, we sought to determine whether synaptic plasticity in ex vivo slices, a cellular correlate of memory, was impaired after etomidate (8 mg/kg). The Schaffer collateral pathway was stimulated at a threshold frequency (20 Hz) that induces synaptic potentiation (16) . Under these conditions, synaptic plasticity is sensitive current in CA1 pyramidal neurons (19) . Twenty-four hours after etomidate, the amplitude, frequency, and time course of mIPSCs were unchanged, suggesting no change in the activity of postsynaptic GABA A Rs ( Figure 1D and Supplemental Table 1 ). In contrast, the tonic current was increased to 174% of control ( Figure 2 , A and B). The increase in tonic current persisted at 72 hours and 1 week, but not at 2 weeks ( Figure 2B ). Treatment with dexmedetomidine, the anesthetic that did not impair memory performance, caused no increase in tonic current ( Figure 2C ).
Tonic current in CA1 pyramidal neurons is generated primarily by α5 subunit-containing GABA A Rs (α5GABA A Rs) (20) . To determine whether α5GABA A Rs contributed to the increased tonic current, slices were perfused with the α5GABA A R-selective inverse agonist L-655,708 (200 nM) (21) . The L-655,708-sensitive current was increased in slices from etomidate-treated mice ( Figure 2D ). Furthermore, tonic current was unchanged in slices from α5GABA A R null-mutant (Gabra5 -/-) mice 24 hours after etomidate ( Figure 2E ).
We asked whether etomidate acts directly on neurons to increase tonic current. Etomidate did not change tonic current in cultured hippocampal neurons 24 hours after treatment (1 μM, 1 hour; Figure 2F ). Since glial-neuron interactions might contribute to the increase in tonic current observed in ex vivo slices, neuronglia cocultures were treated with etomidate. Etomidate did not to changes in synaptic and extrasynaptic GABA A R activity (16, 17) . Twenty-four hours after treatment, the potentiation of field postsynaptic potentials (fPSPs) was significantly lower in slices from etomidate-treated mice (60 minutes after stimulation; Figure 1C) . Also, posttetanic depression (2 minutes after stimulation) and short-term depression of fPSPs (15 minutes after stimulation) occurred in slices from etomidate-treated but not vehicle-treated mice (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI76669DS1). Paired-pulse facilitation, a presynaptic form of short-term plasticity (18), was similar in the 2 groups, suggesting no differences in the release of neurotransmitters from presynaptic terminals (Supplemental Figure 1C) . Since memory performance recovered 1 week after etomidate, we studied plasticity at the 1-week time point. One week after etomidate (8 mg/kg), there was no significant difference in potentiation of fPSPs between groups, although there was a trend toward a reduction (control 127% vs. etomidate 113% of baseline; Figure 1C ). At 1 week, posttetanic depression and short-term depression were no longer observed (Supplemental Figure 1 , D and E). Paired-pulse facilitation was also similar in both groups (Supplemental Figure 1F) .
To determine whether GABA A R activity was persistently increased after etomidate (8 mg/kg), we recorded miniature inhibitory postsynaptic currents (mIPSCs) and a tonic inhibitory ( Figure 2K ). Cell-surface expression of β3 subunits, which partner with α5 subunits to form GABA A Rs (19) , was also increased at 24 hours but not at 1 or 2 weeks after etomidate (Supplemental Figure  2A) . In contrast, the expression of δ subunits and α1 subunits, which contribute to hippocampal extrasynaptic and synaptic receptors, respectively (19) , was unchanged after etomidate (Supplemental Figure 2 , B and C). Thus, etomidate selectively increased the cellsurface expression of α5GABA A Rs in the hippocampus. We next explored whether pharmacological or genetic inhibition of α5GABA A Rs reverses memory deficits after etomidate. Treatment with L-655,708 (0.5 mg/kg, i.p.) 30 minutes before training on the novel object recognition task completely reversed the memory deficits after etomidate, whereas L-655,708 alone did not alter performance ( Figure 3A) . Also, no memory deficits were observed in Gabra5 -/-mice treated with etomidate or dexmedetomidine ( Figure 3B ). The total interaction time with the objects was similar in all groups (Supplemental Figure 3, A and B) . Consistent with these behavioral results, postsynaptic and presynaptic change the tonic current in microglia-neuron cocultures 24 hours after treatment (1 μM, 1 hour; Figure 2G ). However, 24 hours after etomidate treatment (0.25 μM or 1 μM, 1 hour), the tonic current was increased in neurons cocultured with astrocytes ( Figure 2H ). To determine whether etomidate acting on astrocytes was sufficient to increase the tonic current in neurons, conditioned medium was collected from astrocytes cultured alone and treated with etomidate (1 μM, 1 hour). The conditioned medium was then applied to hippocampal neurons for 24 hours. Under these conditions, the tonic current in neurons was increased to 136% of control ( Figure 2I ). Thus, treatment of astrocytes with etomidate was necessary and sufficient to trigger an increase in tonic current in hippocampal neurons.
We postulated that etomidate enhanced the tonic current by increasing cell-surface expression of α5GABA A Rs in the hippocampus. The cell-surface expression of α5 subunits was indeed increased to 128% of control at 24 hours and to 130% of control at 1 week; however, levels returned to baseline by 2 weeks (Figure 2J ). The total expression of α5 subunits was unchanged at all time points increased the tonic current and cell-surface expression of α5 subunits in the hippocampus but did not alter the expression of α1 subunits 24 hours after treatment (Figure 3 , F and G, and Supplemental Figure 4E ). Finally, we investigated whether an inhaled anesthetic caused a similar increase in tonic current and cell-surface expression of α5GABA A Rs. For these experiments, we selected isoflurane because it is widely used in clinical practice, it acts on GABA A Rs, and it is at undetectable or trace levels in the brain 24 hours after treatment (22) . A low, sedative dose of isoflurane (0.7%, 20 minutes) (23) caused no change in the cell-surface expression of α5 subunits or δ subunits 24 hours after treatment (Supplemental Figure 5, A and B) . In contrast, a higher, anesthetizing dose of isoflurane (24) (1.3%, 1 hour) increased the tonic current to 237% of control and the cell-surface expression of α5 to 134% of control, but the expression of δ subunits was unchanged (Supplemental plasticity at Schaffer collateral-CA1 synapses was not impaired in slices from Gabra5 -/-mice treated with etomidate ( Figure 3C and Supplemental Figure 3, C-E) .
We next studied a higher, anesthetizing dose of etomidate. Mice were treated with etomidate at 20 mg/kg, i.p., which is the ED 100 dose for LORR (10) . Object recognition memory was impaired for 1 week but recovered by 2 weeks after treatment ( Figure 3D ). This dose did not alter total interaction time with the objects (Supplemental Figure 4A) . The longer duration of memory impairment after the higher (20 mg/kg) versus the lower (8 mg/kg) dose of etomidate suggests a dose-dependent effect. Similar to the sedative dose, treatment with etomidate (20 mg/kg) reduced potentiation of fPSPs ( Figure 3E ) and induced posttetanic depression and short-term depression of fPSPs, but did not change paired-pulse facilitation 24 hours after treatment (Supplemental Figure 4, B-D) . Furthermore, etomidate (20 mg/kg) , (E) plasticity (n = 6-7), (F) tonic current (n = 7-8), and (G) surface and total expression of α5 subunits (n = 4) in hippocampal slices 24 hours after etomidate. MW is shown as kDa. Data are shown as mean ± SEM. Unpaired, 2-tailed Student's t test unless otherwise indicated. *P < 0.05; **P < 0.01. jci. Figure 5, C-E) . Notably, the sedative dose of etomidate but not isoflurane increased cell-surface expression of α5GABA A Rs, possibly because of the shorter duration of action and more rapid elimination of isoflurane (13, 25) .
Our findings present the first evidence, to our knowledge, that even a brief exposure to a GABAergic general anesthetic triggers a sustained increase in tonic current and cell-surface expression of α5GABA A Rs in the hippocampus. This increase in α5GABA A R activity in turn causes deficits in anterograde memory. In contrast, the anesthetic dexmedetomidine, which targets adrenergic receptors rather than GABA A Rs, causes no change in the amplitude of the tonic current or memory performance. These results refute the assumption that the activity of primary target receptors for GABAergic anesthetics returns to baseline after the drugs are eliminated.
Interestingly, at 1 week after etomidate (8 mg/kg), memory performance recovered, yet the tonic current remained elevated. The sustained increase in tonic current may trigger compensatory changes that contribute to the recovery of memory performance, given that homeostatic plasticity has been widely demonstrated in the hippocampus (26) . Indeed, our results suggest such compensatory changes do occur. One week after etomidate, tonic current and cell-surface expression remained elevated, whereas synaptic plasticity partially recovered and memory performance returned to baseline.
In conclusion, we have presented evidence for what we believe is a previously unrecognized long-term effect of general anesthetics on α5GABA A Rs. Additional studies are required to determine whether the sustained increase in α5GABA A R activity is triggered by the initial direct allosteric actions of anesthetics on GABA A Rs or by other mechanisms.
